A coupled one-dimensional multilayer and multistream radiative transfer model has been developed and applied to the study of radiative interactions in the atmosphere, sea ice, and ocean system. The consistent solution of the radiative transfer equation in this coupled system automatically takes into account the refraction and reflection at the air-ice interface and allows flexibility in choice of stream numbers. The solar radiation spectrum (0.25 pm-4.0 pm) is divided into 24 spectral bands to account adequately for gaseous absorption in the atmosphere. The effects of ice property changes, including salinity and density variations, as well as of melt ponds and snow cover variations over the ice on the solar energy distribution in the entire system have been studied quantitatively. The results show that for bare ice it is the scattering, determined by air bubbles and brine pockets, in just a few centimeters of the top layer of the ice that plays the most important role in the solar energy absorption and partitioning in the entire system.
Introduction
Polar sea ice plays an important role in the global climate system. Solar radiation is the dominant energy component controlling the heat and mass balance of sea ice in the polar regions. The atmosphere, sea ice, and ocean interact both directly and indirectly with each other via radiative transfers of energy. The atmospheric structure, clouds, the sea ice state, and the seawater below the ice determine the solar radiative enations in structure and state of each layer. Therefore to. understand the interaction between the atmosphere, sea ice, and ocean, it is necessary to investigate factors that affect the disposition of the solar radiation within this coupled system, such as the amount of the solar radiative energy stored in the interior of the ice, transmitted into the ocean, and reflected back to the atmosphere, respectively. ergy distribution throughout the system, as well as the radiative energy absorbed in the ice and transmitted into the ocean. Radiation absorbed within the sea ice .
can change the internal structure of the ice and consequently its optical properties. These changes result in an alteration of the radiative energy transmitted into the ocean and reflected back to the atmosphere, which, in turn, affects the stratification and circulation of the atmosphere and the ocean. These radiative interactions can also affect the sensible, latent, and conductive energy exchanges between the subsystems due to the variCopyright 1994 by the American Geophysical Union.
Numerous theoretical and experimental studies have been carried out to investigate the absorption and scattering of solar radiation by sea ice [ Grenfell and Maykut, 1977; Grenfell, 1979 Grenfell, , 1991 Buckley and Trodahl, 19871 and the penetration of radiation into the ocean [Perovich and Maykut, 1990; Maykut and Grenfell, 19751. Studies of the role of solar radiation in the heat and mass balance of sea ice [ Untersteiner, 1961; Langleben, 1966; Shine and Crane, 19841 have shown the importance of solar radiative energy on sea ice decay. Results from thermodynamic models clearly indicate that the equilibrium sea ice thickness is very sensitive to the amount of solar radiation impinging on the upper ice surface and its absorption in the interior of the ice
[Maykut and Untersteiner,
1971; Semtner, 1976; Ebert and Curry, 19931.
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While the direct effects of the incoming solar radia-01480227/94/94JC-02426$05.00
tion on the heat and mass balance of the ice are now well 25, 281 understood and fairly easy to treat in models, relatively little is known about the quantitative partitioning of the absorbed radiation among the atmosphere, sea ice, and ocean and the effects of the ice state and clouds on this partitioning of energy. The purpose of this paper is to study the radiative transfer process in the coupled atmosphere-sea ice-ocean system and to assess quantitatively how the physical properties of the ice affect the disposition and partitioning of the solar radiative energy within the atmosphere, the sea ice, and the ocean, within the various layers in the ice, and within the system as a whole. We will also investigate the effects of clouds, surface snow cover, and surface melt ponds on the absorption and distribution of solar energy in the coupled system. To do this, we have developed a coupled radiative transfer model for the system. The model rigorously takes into account over the whole solar spectrum the multiple scattering and absorption by atmospheric gases, clouds, snow, ice, and seawater, as well as by inclusions in sea ice. In this model each stratum is divided into a sufficient number of layers to adequately resolve variations in optical properties. The multistream solution adopted obtains accurate, self-consistent solutions of the radiative transfer equation for the entire system that satisfies appropriate boundary and layer interface conditions, including the reflection and refraction at the air-ice and air-water interfaces.
Model Description

Radiative Transfer
The discrete ordinate method [ Chandrasekhar, 1960;
Stamnes et al., 19881 is used to solve the radiative transfer equation in the atmosphere, sea ice, and ocean system. For this coupled system the main difficulty in solving this equation is caused by the change in the refractive indices at the interface between air and ice or air and ocean. Here we focus on the radiative energy computation for which only fluxes (irradiances) are needed. Therefore we may start with the azimuthally averaged version of the equation that describes the transfer of monochromatic radiation at frequency v [Chandmsekhar, 1960; Stamnes, 19861 x L(w++' -Q&,P)
where /J is the cosine of the polar angle; r,, the optical depth; IV(rV, p), the azimuthally averaged diffuse intensity or radiance; ay(rV), the single scattering albedo; and py(~v,$,p), the scattering phase function. The second term on the right-hand side in (1) represents multiple scattering, while the third term, Qy(ry, p), denotes the source which drives the radiative transfer process in the system. Because we will focus on solar radiation, the thermal source has not been taken into account here. Also, because we have invoked direct-diffuse splitting, (1) d escribes only the diffuse radiation, and Qy ( rV, p) is the solar pseudosource.
Thus the source term is due entirely to the solar radiation incident at the top of atmosphere. In the atmosphere it can be expressed as [Jin and Stamnes, 19941 while in the sea ice and ocean, it is
Here F" is the solar flux (irradiance) normal to the beam incident in direction 00 = cos-1 ~0 at the top of atmosphere, 7-v" is the total optical depth of the atmosphere, and R(-~0, n) and T(-Po, n) are, respectively, the reflectance and the transmittance of the solar beam at the interface of air and ice or air and ocean. Thus the first term on the right-hand side of (2a) represents the downward incident solar beam source, while the second term represents the upward beam source reflected back from the air-ice or air-water interface due to the change in the refractive index across the interface. The cosine of the refracted solar zenith angle in the ice and ocean, /len(/lo, n), is related to p 0 and the relative refractive index n by Snell's law /JOn(POtn) = Jl-(I-po2)/n2.
The method of solving (1)) including the proper application of the interface and boundary conditions, has been described by Jin and Stamnes [1994] . We may write the solution for a layer in the atmosphere denoted by p as (omitting the subscript V)
and that for a layer in the sea ice and
where ~4 are the quadrature angles in the atmosphere, and &' are the quadrature angles in the ice and ocean.
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The refraction between the sea ice and the ocean has been neglected, because with the ice above, most of' the solar radiation reaching the ocean surface would be within the visible spectrum, where the indices of refraction of ice and water are similar. Thus quadrature angles for the ice and ocean are considered to be the same. N1 and Nz are the numbers of the discrete quadrature points (streams) applied when replacing the integral over angle in (1) by numerical quadrature. The terms IcjP and Gjp(p;) are the eigenvalues and eigenvectors, respectively, associated with the solution of the homogeneous version of (1) [Qy (rV, p) = 01, whereas Z:(&), Z,Ol(&'), and Z':2(&') are related to the particular solutions due to the source term Qy(rV, p) , and Cj, are coefficients to be determined from the interface and boundary conditions.
To avoid exponential overflow, the scaling transformation as discussed by Stamnes and Conklin [ 19841 was used to obtain negative exponentials in (4a) and (4b). This scaling is also essential to avoid numerical ill-conditions when solving the linear equations required to obtain the constants of integration in the solution (the Cjp values).
Appropriate quadrature points (streams) and weights have been chosen for the interface continuity relations. To take into account the region of total reflection in the sea ice and ocean, separate angular quadrature points are adopted in addition to those used in the atmosphere and the refractive region of the sea ice and ocean. These quadratures are chosen so as to (1) simplify the implementation of the interface continuity condition, (2) automatically account for the refraction and reflection at the air-ice or air-water interface, (3) solve the radiative transfer equation in the coupled system consistently, and (4) avoid the loss of accuracy incurred by interpolation if the same number of streams are used in the atmosphere, sea ice, and ocean. The total number of quadrature points (streams) chosen for each stratum is flexible and is based on the optical properties and the accuracy required.
From the solutions of (11 the downward and upward fluxes (irradiances) FV (7,) and the mean intensity f,,(r,,) (the total scalar irradiance divided by 47r in oceanographic terminology [Morel and Smith, 19821) at optical depth r,, could be computed according to the following formulas [Stamnes, 19861: Fv* (G) = 27r J 1 /&(c,fp)dp
Since (5) and (6) are general formulas, when these are applied to actual computations, the quadrature number N, as well as the quadrature directions pi and weights u)i, are different in the atmosphere from those in the sea ice and ocean. For the purpose of this paper we define the net flux (total irradiance) Fv(q,) and the flux divergence dF,(T,)/dz at depth z as
where o,(z) is the absorption coefficient. Thus in the absence of thermal emission sources the radiative flux divergence is equal to the absorption of solar radiation per unit volume at depth Z. The integrations of (7) and (8) over frequency v will produce the corresponding radiative quantities within the integrated spectral region.
Input Parameterizations
To compute the radiative quantities, we need to specify either the optical properties in every layer or the appropriate physical parameters from which one may derive the optical properties. In addition, we have to specify the bottom and top boundary conditions. The bottom boundary condition refers to the reflecting prop erty of the bottom surface, i.e., the seafloor. As most areas of the polar oceans can be considered optically infinite in depth, the bottom boundary is not particularly important in this study, and assuming it to be a Lambertian surface is sufficient. The top boundary condition required is the incident solar spectrum and the solar elevation. The observational data describing the solar spectrum at the top of the atmosphere used here is from Co&on [1975] .
Within the atmosphere we consider the absorption and scattering by atmospheric gases, clouds, and aerosols [ Z'say et al., 19891. Although molecular (Rayleigh) scattering is dominated by nitrogen and oxygen gases which constitute more than 99% of the Earth's atmosphere, molecular absorption is dominated by trace gases, mainly water vapor, carbon dioxide, and ozone. The absorption by other minor trace gases is not considered in this study. To account for the total solar energy, one must integrate over the solar spectrum (0.25 pm-4.0 pm), a spectral region where numerous absorption lines exist [Rothman et al., 19871 . As a result, incorporation of the line structures into a multiple-scattering radiative transfer code will result in a very time consuming computation.
To maximize computational efficiency, parameterization of gaseous absorption over a spectral region containing many lines is necessary when absorption is included in a multiple-scattering scheme. Therefore the method called exponential-sum fitting of transmissions (ESFT) has been adopted.
The ESFT method approximates the transmission function of a given spectral region by a finite sum of M exponential terms as follows [Hunt and Grant, 1969; Wiscombe and Evans, 19771: M
i=l
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where T represents the band transmission function and u denotes the equivalent absorber amount. The bi are the equivalent absorption coefficients and the wi are the associated weights. The biu behave like monochromatic optical depths which can easily be incorporated into the multiple-scattering scheme. The main virtue of the ESFT method is that it reduces the nongray radia-, tive transfer problem involving integration over a finite spectral interval (for which Beer's law does not apply) to a series of monochromatic problems. Also, the overlap of absorbing gases can be easily treated due to the multiplicative property of the transmission [Goody and The optical properties of snow, including possible soot contamination, are obtained through Mie computations, which require the refractive index of ice/soot and the mean radius of snow and soot particles as input. Here we have utilized the models of Wiscombe and Warren [1980] and Warren and Wiscombe [1980] , whose results for computed snow albedo agree well with the available field measurements.
In sea ice the processes considered include the absorption by pure ice, scattering and absorption by brine pockets, and the solid salts trapped within the ice and scattering by air bubbles as described by GrenfeZZ [1983, 19911 . To obtain the optical properties for the bulk ice, the relative amounts of each component in the sea ice have to be determined.
Formulas developed by Coz and Weeks [1983] , which calculate the volume fractions of brine, air, and solid salts present in the ice from the ice temperature, density and salinity, were used for this purpose. These relations show that the fractional volume of air is sensitive to bulk ice density, but not to ice salinity, while the fractional volume of brine is sensitive to the ice salinity and temperature, but not to the ice density. Therefore when the air volume, instead of ice density, is the directly available input parameter, the brine volume calculated from Cox and Weeks's formulation based on a approximated density should still be accurate enough. The absorption coefficient for pure ice is based on the data sets reported by GrenfeZZ and Perovich [1981] and
Warren [1984] . The optical properties of the brine pockets, air bubbles, and solid salts are obtained from Mie calculations with assumed spherical shapes. Unfortunately, field observations on size distributions for these inclusions are few. Therefore we have assumed values that appear reasonable.
The size distribution for air bubbles is represented by a power law [GrenfeZZ, 19831, N(r) = Nor -1.24, where the upper and lower limits of 2 mm and 0.1 mm were used. The solid salts are assumed to be monodisperse with radii of 10 pm. As might be expected, the solid salt contribution only becomes significant at ice temperatures below the crystallization temperature of NaCl.2HzO ). Only one measurement on the size distribution of brine pockets has been reported by Perouich and Gow [1991] for young sea ice, but the lower and upper size limits and their relation with salinity and temperature were unknown.
GrenfeZZ [ 199 l] assumed a constant number concentration of 10 per cubic millimeter and a monodisperse distribution. As this assumption could overestimate brine scattering if the salinity is low, we will assume a uniform size distribution with a number concentration of 0.6s per cubic millimeter (S is the salinity in per mil) to coincide with the observational brine pocket size (typically tenths of a millimeter).
This size distribution also causes the rate of change of the radius with temperature to approximately agree with the correlation length change with temperature observed by Perouich and Gow [1991] . Owing to the large particle size and the anomalous scattering resulting from the similarity in the refractive indices of ice and brine, the phase functions of brine pockets always show an extremely strong forward scattering peak. Therefore most of the scattered light is concentrated in a very small cone around the forward direction and can be added back to the incident radiation, so that the actual scattering coefficient can be scaled down dramatically.
In addition, 
JIN ET AL.: SOLAR RADIATION IN ATMOSPHERE, SEA ICE AND OCEAN
25,285
although an increase in brine pocket size will increase the extinction and scattering coefficients, this change will also strengthen the forward scattering, which actually reduces the scattering effectiveness. These factors make the error in radiation computation resulting from the uncertainty in brine size distribution much smaller than might be expected. As ice warms, the size distribution used here permits growth in the size of the brine pockets but ignores the merging of brine inclusions, which may decrease the scattering. Each component in the sea ice interacts differently with radiation.
Pure ice acts mainly as an absorber. Although air bubbles and brine pockets both scatter light strongly, air bubbles scatter more effectively, while brine pockets also absorb radiation. The optical prop erties of the sea ice depend on the volume occupied by each component.
In the ocean, scattering and absorption coefficients of seawater are taken from Smith and Baker [1981] , who provide values applicable to the 0.2 pm to 0.8 pm region. For wavelengths larger than 0.8 pm, only absorp tion is considered, because the scattering is weak and the absorption is strong. We also neglect particulates in the ocean in this study, because of their minor effect on the energy budget in the coupled system.
The Radiative Energy Budget
For solar radiation the spectral region considered is from 0.25 pm to 4.0 pm, which includes approximately 99% of the total solar radiation energy incident at the top of the atmosphere.
In this study the solar spectrum is divided into 24 bands and the ESFT method described earlier is adopted to simulate the absorption by water vapor, carbon dioxide, oxygen, and ozone in each band. For test purposes we have taken the profiles of pressure, gaseous concentrations in the atmosphere from the McCZatchey et al. [1972] model atmosphere for the subarctic region and divided the atmosphere into 25 layers. For sea ice, although modeled salinity profiles are available [ Coz and Weeks, 1988; Eicken, 19921 , an adequate treatment of density profile variations does not exist.
Therefore, we will, as a first approximation, assume that although the density and salinity may change with thickness, for a given thickness these values are constant throughout the ice sheet. We will also assume that there is a linear temperature profile with the bottom temperature of the ice fixed at -2°C. Although this is known to be an excellent approximation for young ice types, as sea ice thickens, nonlinear effects become increasingly common [Maykut, 19781. The ice is divided into three to seven layers in the following studies, depending on ice properties. In the ocean we will neglect vertical variations in the properties of seawater and consider it as one homogeneous layer.
Spectral Radiative Absorption
The first test is for ice with thickness 3.0 m, salinity 3%(-J 9 density 0.90 Mg/m3 and surface temperature -lOOC, approximately the ice surface temperature in middle May and September observed in the central Arctic [Maykut, 19781 . For this ice model, which can be considered to be representative of multiyear ice, the single-scattering coalbedo (the ratio of the absorption coefficient and extinction coefficient) in the 24 spectral bands at three depths in the ice is shown in Figure 1 , which indicates strong absorption in the infrared part of the solar spectrum and relatively weak absorption in the visible region. Figure 2 shows the net fluxes in the 24 spectral bands at various levels and with a solar zenith angle of 60". The net (downward) flux is defined as the difference between the downward and up ward fluxes (irradiances) as given by (7). Therefore the vertical distance between any two lines represents the radiation energy absorbed by a column with unit cross-sectional area between the corresponding two levels, and the area beneath the bottom line represents the absorption of radiation by the ocean. Figure 2 indicates that much of the solar radiation will be absorbed within the uppermost 0.1 m of the ice and the absorption also varies greatly as a function of wavelength, which is well correlated with the single-scattering coalbedo shown in Figure 1 . Only the visible radiation can penetrate into the deeper layers of the ice and into the ocean.
For the same conditions as in Figure 2 (top) panel, but including a layer of Arctic stratus cloud in the atmosphere, Figure 2 (bottom) shows that the absorption by the atmosphere is increased, especially in the longer wavelength, due to the cloud absorption. Consequently, absorption by the ice and by the ocean will decrease in every spectral band, especially in the upper layer of the ice. On the basis of observational data [Herman and Curry, 1984; Tsay and Jayaweera, 19841, the cloud used here has an equivalent droplet radius of 7 pm and a water content of 0.2 g/m3. The cloud base is assumed to occur at a height of 700 m with a thickness of 300 m, values typical for Arctic stratus.
Absorption and Partitioning of Solar Energy in the Atmosphere-Sea Ice-Ocean System
Next we use the same models for the atmosphere, cloud, sea ice, and ocean as in Figure 2 , but change The values in the second column represent the total amount absorbed by the entire atmospheresea ice-ocean system. The total solar absorption is obtained by integration over the 24 spectral bands ranging from 0.25 pm to 4.0 pm, and the total visible absorption is the integral over 12 spectral bands ranging from 0.28 pm to 0.78 pm. The energy absorbed by dif-' ferent layers and its percentage of the total (values in the parentheses) are listed in the rest of the columns. The data in Table 1 show that the total disposition of the solar radiation in the entire atmosphere-sea iceocean system is sensitive to bulk ice density (i.e., the amount of air included in the ice). This is especially true for visible radiation, which experiences a twofold increase under clear sky conditions when the ice density increases from 0.86 Mg/m3 to 0.92 Mg/m3. However, the presence of a cloud drastically reduces this sensitivity to ice density. The cloud also reduces the total absorption in the coupled system, because the cloud reflects more solar radiation back to space. The total system albedo is increased from 0.53 under a clear sky to 0.69 under a cloudy sky for the cloud used here and for the ice density of 0.86 Mg/m3 (from 0.46 to 0.67 for ice density I 0.90 Mg/m3). Although the total radiative absorption i in the whole system increases with ice density, the percentage of absorption by the atmosphere decreases, and consequently the amount of absorption in the atmosphere remains almost unchanged. In fact, the atmospheric absorption decreases slightly with increasing ice density. The explanation for this is that less dense ice includes more air bubbles, which scatter and thereby reflect more radiation back to the atmosphere. Under clear sky conditions the top layer in the ice acts as a main absorber with the uppermost 1 cm of the ice absorbing more than 20% of the total radiative energy deposited in the whole atmosphere-sea ice-ocean system. Clouds significantly reduce both the amount and the percentage absorbed by the top layer of the ice, because most of the infrared part of the solar radiation has been absorbed and reflected by the cloud before it reaches the ice surface. Owing to less backscattering because of fewer air bubbles, denser ice also results in more transmission of radiation into the ocean and therefore produces higher absorption in the seawater under the ice. The sensitivity of this absorption by the ocean to the ice density is also reduced by clouds.
Similar to Table 1, Table 2 shows the partitioning of the absorbed solar radiation in the atmosphere-sea ice-ocean system for different ice salinities but with a fixed ice density of 0.9 Mg/m3. These results show that the total absorption of solar radiation in the whole system decreases as the ice salinity increases and that this sensitivity is reduced by the presence of clouds. The atmosphere contributes more to the total radiative absorption as the ice salinity increases, because high salinity means more brine in the ice and therefore more brine pockets acting as scatterers, increasing the amount of reflected radiation. As the light propagates into the deeper layers of the ice and into the ocean, both the amount and the percentage of the radiative absorption in these layers do not show nearly as strong a dependence on the salinity as they did on the density, as was demonstrated in Table 1 . This is due to the different scattering and absorptive properties of brine pockets and air bubbles.
Brine pockets are stronger forward scatterers than the air bubbles, and, in addition, they also act as absorbing bodies. Table 3 shows the distribution of the total solar radiation absorbed by the atmosphere, snow, ice, and ocean for different snow depths on the ice and for a fixed ice density (0.90 Mg/m3) and salinity (5%, ). The snow is specified to have a average grain radius of 1.0 mm and density of 0.4 Mg/m3, values representative of old snow near the melting point [ Wiscombe and Warren, 19801. When the results in Table 3 are compared with those in Tables 1 and 2 for clear sky conditions, the total solar radiation disposition in the whole system is significantly reduced because of the higher reflection at the snow surface and the resulting isolation of the absorptive ice below. Although the absorption by snow and ice are different for different snow thicknesses, the total absorption by the whole system and the absorp tion by the atmosphere are similar for the four snow depths used, indicating the snow surface albedo is already saturated when the snow thickness exceeds 5 cm. Even more importantly, only 5 cm of snow layer is responsible for nearly half of the total solar absorption. Similar to Table 3, Table 4 shows the partioning of the absorbed total solar radiation across the system obtained under four different solar elevations. As expected, a lower solar elevation (larger zenith angle) causes less absorption in the whole system, because it implies less radiative energy input to the system and also produces a higher reflection at the ice surface. Furthermore, for lower solar elevations, as a result of a higher reflection at the surface and a longer pathlength of light, a larger fraction of the total absorption occurs in the atmosphere and a correspondingly smaller fraction in the various layers of the ice and in the ocean. However, the presence of a cloud will increase the sensitivity of the fractional absorption in the ice and in the ocean to changes in solar elevation.
The occurrence of melt ponds on the ice has been shown to be important in the overall energy balance [Bert and Curry, 19931. A simulation of the solar energy distribution for different pond depths is presented in Table 5 . Here we assumed that the pond depth is uniform, and we computed the energy distribution in a one-dimensional column of atmosphere, pond-over-ice, sea ice, and ocean but ignored interaction with neighboring columns. This treatment is mandated by our use of one-dimensional model. To simulate two-dimensional effects, one could, as a first approximation, use areaweighted combinations of different surface types as discussed for combination of leads and ice below. The same models for atmosphere, cloud, and ocean are used as above. Although the temperature at the ice top is O°C and somewhat lower in the interior, for simplicity the temperature is specified to be -2°C (the same as the bottom temperature) throughout the complete ice thickness. The density is specified to be 0.93 Mg/m3 when air volume is negligible, as it is for ice under ponds. A comparison with the results in the aforementioned tables shows that the total absorption by the whole system has been increased due to the reduced surface albedo. Also, the radiation penetration into the ocean has increased, while the absorption by the atmosphere shows only a slight change. A melt pond with a depth of only 5 cm can absorb nearly half of the total energy absorbed by the whole system.
The values in Tables 1, 2 , and 4 indicate that although clouds reduce the total solar radiative absorp tion in the entire atmosphere-sea ice-ocean system, they can increase the amount of absorption in the atmosphere for the cloud model adopted here and consequently contribute to solar heating in the atmosphere. Although the increasing percentage and amount of solar absorption in the atmosphere due to the cloud is strongly dependent on solar elevation (also on liquid water path and height of clouds, as our unpublished results show), it is insensitive to ice density and salinity. Results in Tables 1 and 2 show that in the deeper layers of the ice (depth H > 1.0 m) and in the ocean the total amount of absorbed solar energy is equal to the amount absorbed in the visible portion of the spectrum in these same layers. This clearly demonstrates that only visible radiation penetrates to these layers. From these tables it is not difficult to determine the fraction of the net incoming solar radiation which penetrates into the interior of the ice (below a depth of 10 cm). This is an important parameter used in ice thermodynamic models 
Radiative Heating in Sea Ice
To demonstrate how the absorption within the sea ice responds to the variation of the physical properties of the ice, Figure 3 shows the absorption profiles (heating rates), dF(z)/dz (in milliwatts per cubic centimeter), with depth in the sea ice for different densities and salinities under clear sky conditions. Here z is the depth in the sea ice measured downward from the up per ice surface. The same model inputs for atmosphere, sea ice, and ocean as used in Figure 2 have been used in these computations. The thicker lines in the plots represent the total absorbed solar radiation (0.25 pm-4.0 pm) while the thinner lines represent the radiative energy absorbed in the visible region (0.28 pm-O.78 pm). Owing to the rapid decrease in radiative absorption with depth in the near-surface layer of the ice, logarithmic scales were chosen for both axes. These figures clearly demonstrate that although the absorption profiles are complicated within the first few centimeters of the top layer, below this depth, the radiative absorption increases as ice density increases and as salinity decreases. Again, these phenomena can be attributed to the different optical properties possessed by the different components in the ice. Generally, pure ice absorbs strongly in the whole solar spectrum except in the relatively narrow visible region, where a larger part of the solar radiative energy reaching the ice surface is concentrated. Both denser ice and less saline ice contain a larger fractional volume of pure ice, resulting in increased absorption. On the other hand, denser ice includes less air bubbles and the less saline ice includes less brine volume. Both of these reductions in the number of scatterers reduce the optical path for light prop agating to deeper layers and consequently decrease the amount of absorption. Therefore the magnitude of the radiative absorption in the ice depends on these two competitive processes.
Cloudy Sky
Most of the infrared and ultraviolet energy in the solar radiation reaching the ice surface would be absorbed within a very thin top layer of the ice because of the strong absorption by pure ice at those wavelengths. Consequently, in the upper layers of sea ice the absorption of the total solar radiation is dominated by the presence of pure ice. This is reflected in Figure 3 by the total solar radiative absorption in the thin top layer increasing as ice density increases and as salinity decreases. Then, as more infrared radiation has been absorbed, enhanced absorption due to multiple scattering becomes more important and dominates immediately beyond the thin top layer, causing an increase in the total solar absorption as the ice density decreases and the salinity increases. However, absorption below the depth of a few centimeters, where most of the remaining radiation is in the visible spectrum, will increase with increasing ice density and decreasing salinity due to the less scattering, leading to less reflection by the ice. The absorption rate in the visible spectrum shows only a small change within about 10 cm of the top layer. Figure 3 shows that the absorbed amounts of total radiation and visible radiation get closer and closer as the depth increases, and at about 50 cm in depth they overlap. This indicates that almost all the radiation beyond the visible region is absorbed by the top 50 cm of sea ice.
Effects of the Ice Thickness
In this example we will investigate the effects of the ice thickness on the radiative energy budget in the atmosphere-sea ice-ocean system using the same atmosphere, cloud, and ocean models as above. The ice model is also similar, but observed changes in the average salinity as a function of ice thickness are now included based on a recent compilation of first-year ice data by W. F. Weeks (personal data, 1994) . The mean salinity values S are observed to be well described by the following two linear relations: S = 17.0 -31.63hj, hi 5 0.3m (114
The temperature at the top of the ice will still be assumed to remain at -10°C and to increase linearly with depth to -2°C at the ice-water interface. Figure 4 shows the dependence of the total solar energy absorbed by the atmosphere, sea ice, and ocean, respectively, on the ice thickness. Results indicate that although the total solar energy disposed in the entire system decreases as ice thickness increases, the rate of decrease becomes smaller as the ice thickness increases, with the total radiative absorption approaching a nearly constant value after the ice thickness reaches about 70 cm. As the ice thickness increases, the absorption by the ice increases and that by the ocean decreases, with the rates of change, again, depending on the ice thickness. On the other hand, the absorption by the atmosphere remains almost unchanged as ice thickness changes. A comparison of the two panels in Figure 4 indicates that not only does the cloud drastically reduce the energy disposition into the ice and the whole system for any ice thickness and that into the ocean for thin ice, but also it significantly reduces all sensitivities of the absorbed solar energy to the ice thickness, especially when the ice is thin. The solar zenith angle used here is still at 60". However, our unpublished results show that the general behavior indicated above is true for all solar elevations and cloud heights except that the magnitudes of all the components change.
Effects of Open Ocean
It is well known that the occurrence of areas of open water (leads, polynya) within an ice field has an important impact on the solar energy distribution. Using the same models as used in Tables 3 under ice-free conditions for a clear sky. The increase of the absolute value is even more pronounced, because the total absorption in the entire system increases with the open water fraction. Although the fraction of total absorption both in the ice and in the ocean is sensitive to the open ocean fraction, especially under clear skies, the fraction deposited in the atmosphere is not.
Comparison With Observations
Desirable model-data comparisons require comprehensive optical data sets from the atmosphere, the ice, and the ocean. Unfortunately, such radiation measurements with simultaneous observational data on the environmental parameters required have, to date, not been made. This lack of data makes accurate comparisons with coupled radiative transfer models difficult. However, of all the radiation quantities, the spectral albedo of the ice surface is the only value on which the atmosphere and ocean have a minor influence if the, sky is overcast (when the radiative incidence on the surface can be considered to be diffuse). In addition, only the properties of the thin top layer of the ice are important for this albedo, and so it is presently probably the best quantity available for comparison.
Therefore we choose two observational spectral albedos for two relatively simple ice types. These are melting multiyear white ice and melting first-year blue ice. The observed spectral albedos are reproduced from the observations reported by Grenfell and Maykut [1977] . Unfortunately, the data needed to specify the model uniquely were not obtained, so the comparison is only approximate.
In the computations, because melting ice is being considered, we have specified the average ice temperature as -2OC. For the multiyear ice considered in Figure 6 , recently parameterized profiles of salinity and air volume developed by W. F. Weeks (unpublished field data from ice station Crystal, 1986) 
In this simulation, air volume is used directly for model input, while the brine volume is calculated as discussed in section 2. For the first-year blue ice in Figure 7 we have used a salinity of 5(&e as in the tables above, a value representative of thick first-year ice, and a density of 0.94 Mg/m', which assumes that the air volume is negligible, as it usually is for the first-year blue ice. The comparisons shown in Figures 6 and 7 are in quite good agreement, particularly with respect to the wavelength dependence.
For multiyear ice the model pre- Observations are from Grenfell and Maykut [1977] .
diets a little higher albedo at shorter wavelengths and a little lower at-longer wavelengths than observed. For the first-year ice the model predicts a little lower albedo overall. However, the agreement could be improved by adjusting one or more of the input parameters, for example, the salinity profile. At present, it is not possible to determine whether the differences between the model results and observations are the result of inaccurate representations of the ice properties ately assumed parameters in the optical properties of the ice.
and/or the inappropriMie calculations of the
Summary and Conclusions
The radiative energy budget in a coupled atmosphere, sea ice, and ocean system has been studied by using a newly developed radiative transfer model. In the atmosphere, gaseous absorption in 24 spectral bands spanning the entire solar spectrum has been implemented by a band model which allows for the inclusion of multiple scattering.
Cloud effects have also been incorporated by parameterizing their optical properties. In-sea ice the pure ice absorption, as well as the absorption and scattering by brine pockets and air bubbles, have been taken into account. The optical properties for the inclusions are based on Mie computations. In the ocean, absorption and scattering by seawater is considered. A snow layer on the ice is also included as an option. In addition, the refraction at the air-ice interface has been consistently taken into account.
The input parameters required by the model are observable physical properties (e.g., the profiles of temperature, pressure, and gas concentrations in the at- Figure 7 . As in Figure 6 , but for melting first-year blue ice.
mosphere, the water or ice content of clouds, and the equivalent radius of cloud droplets, as well as the profiles of temperature, density, and salinity in the ice). This model has been applied to study the radiative interactions within the atmosphere, sea ice, and ocean system and to investigate the effects of the ice properties, ice thickness, snow, and cloud on the radiative energy disposition and its distribution within the coupled system. On the basis of the modeling results we can conclude that the sea ice has a significant impact on the absorption and partitioning of the solar radiative energy in the atmosphere, sea ice, and ocean system. Because changes in the physical properties of the ice, such as density, salinity, and temperature, lead to changes of the optical properties within the ice, such as scattering and absorption, and because of interactions occurring between the atmosphere, sea ice, and ocean, changes in the physical properties of the ice can alter the radiative transfer and the interaction processes within the entire system. Generally, as the ice density increases, the radiative absorption will increase in the entire coupled system, as well as in the sea ice and in the ocean, while the absorption in the atmosphere exhibits a slight decrease. As the ice salinity increases, the radiative absorption in the entire coupled system, in the ice, and in the ocean decreases. The absorption profiles in the ice show that most of the radiative energy absorbed by sea ice occurs in a very thin top layer of the ice. This is especially true under clear sky conditions. Only 10 cm of the top layer of ice can absorb more than 50% of the total solar radiation disposed in the entire system. Also, at depths greater than 50 cm in the ice, only visible radiation is left because of the strong absorption of the ice beyond this wavelength region.
In sea ice it is the scattering by inclusions, especially the air bubbles, in a few centimeters of the up permost layer that plays the vital role to the solar energy absorption and partitioning in the whole system. Higher scattering in this top layer will not only increase backscattering to the atmosphere, but it also increases the absorption fraction in this top ice layer itself and decreases the radiation penetrating to the deeper layers of the ice and to the ocean. Because air bubbles have much higher scattering effectiveness than brine pockets, the radiative absorption is more sensitive to air volume variations than to brine volume variations. Therefore to estimate the solar energy distribution with confidence, one must be able to input realistic estimates of the air volume fraction in the ice. Estimates for the top few centimeters of the ice are particularly important.
Ice thickness also exerts a significant influence on the radiative energy balance in the atmosphere-sea iceocean system, especially when the ice is thin. Increasing the ice thickness in the thickness range between 0 and 70 cm results in an increase in the radiative absorption in the ice and a decrease in the ocean, as well as a decrease in the entire system. However, the total absorption in the entire system remains almost constant once the ice thickness exceeds about 70 cm. Nevertheless, the absorption within the atmosphere is not sensitive to the ice thickness change.
Clouds and snow on the ice reduce the solar energy absorption in the ice and in the ocean, as well as in the entire atmosphere-sea ice-ocean system. The main role of clouds seems to be to moderate any variation in the radiative energy budget caused by changes in ice properties and ice thickness.
In other words, clouds reduce the sensitivity of the absorbed solar energy in every layer to changes in ice properties and thickness.
Realistic simulations of the radiative energy budget require in situ data from measurements. This includes the profiles of relevant parameters described above for the atmosphere, sea ice, and ocean, or else the profiles of optical properties, in particular, the light extinction and absorption, as well as the phase function of scattering.
Simultaneous measurements of the radiative quantities, including the spectral upward and downward fluxes, would be very useful in verifying the model simulations.
We note that although our present treatment of the profile properties of the different thicknesses and ages of sea ice is crude and that we have assumed a linear temperature profile for all ice thicknesses, the model that has been described is capable of treating quite realistic property and temperature profiles. At the present we are attempting to develop improved parameterizations of sea ice property profiles for different ice types. Finally, we would like to state that the couplings that we have considered are purely radiative and do not allow the radiation to alter the snow/ice/cloud properties resulting in changes which could affect subsequent radiative transfer. In the future we hope to combine the coupled radiative transfer model with models treating the evolution of ice, snow, and clouds to investigate interactions and feedbacks in the polar climate.
